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Abstract:
The materials commonly used and the synthetic problems that arise in the field of 
transparent glass materials with anti-Stokes luminescent properties are described. The 
literature has shown that rare earth doped oxide glasses, whilst chemically durable 
and relatively easy to manufacture, have weak anti-Stokes emissions, whereas rare 
earth doped fluoride materials have considerably improved anti-Stokes luminescence 
but are less chemically stable and highly reactive. Recent interest in glass ceramics 
has proposed alternative matrices with the advantages of both fluoride and oxide host 
materials. These materials consist of rare earth doped fluoride crystallites in an oxide 
glass matrix giving the emission characteristics of a fluoride crystal protected in the 
stable surroundings of an oxide matrix. The work in this thesis initially set out to build 
on these lattices but broadened in the light of the findings outlined below.
The synthesis of silica based glasses using sol-gel techniques is covered thoroughly in 
this work and the incorporation of various cations into these matrices has been 
investigated. Amongst the cations added to silica sol-gel reactions are titania, alumina 
and yttrium. Their reactions and the factors that promote transparent and crystallite- 
free samples have been reported and discussed. Several advances in this field have 
been made including a detailed investigation into the synthesis and properties of 
yttrium based sol-gel reactions which have not been previously reported.
The incorporation of fluorine into these materials has also been described and the 
various problems encountered have been examined. Several novel methods of 
incorporating fluoride ions into silica lattices are proposed and examined. It was 
found that in the presence of fluoride ions, the rare earth dopants form crystallites 
within the glass matrix. In a similar way, it was found that glass ceramics also formed 
when a titanium alkoxide is incorporated with fluoride ions during the sol-gel 
synthesis of these lattices. In these cases it was shown that TiO2 in the form of anatase 
or rutile crystallites can be grown in the glass matrix. Moreover the phase of TiCb 
grown can be easily controlled by choice of annealing temperature and firing times. 
Distinct anti-Stokes emissions are produced depending upon the form of titania 
present. These new materials are reported and discussed.
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Chapter 1 - Introduction
1.1 Introduction to Inorganic Glasses
Inorganic glasses are amongst the most ancient of materials 1 . They were originally
considered to be purely beautiful items, like the gemstones. However they were soon to
be seen in the better Egyptian and Roman households in the form of bottles and drinking
glasses.
Early nineteenth century science led to the study of materials and by varying the 
compositions required for optical properties and chemical durability many new glass 
compositions were discovered.
In this century due to changing developments in the electrical and electronic industries, 
the study of glass systems still continues. In the early part of the century, filament lamps 
and thermionic valves required specialist glasses. These were followed by sodium and 
mercury vapour street lamps. Modern research is largely concerned with glass-ceramics2 , 
semi-conducting glasses3 and glass lasers4 .
Perhaps the most fundamental point about glass science is that glass formation is not 
completely understood. Add to this the nature of the material itself and we are faced with 
a vast fascinating field to be studied. Nearly any liquid will form a glass if cooled to a 
sufficiently low temperature without the occurrence of crystallisation5 . The question is 
not whether a liquid is a glass former but how fast it must be cooled to avoid 
crystallisation.
Two of the most important factors to be taken into consideration when synthesising a 
glass are:
  The determination of the glass forming region, i.e.: the composition of a 
material at which it can become a glass when cooled from a significantly high 
temperature at a suitable cooling rate.
  The stability of the glass within this region.
Most inorganic elements and compounds, when melted, become liquids that may have a 
viscosity close to that of water. Upon cooling, rapid crystallisation occurs at the melting 
point. However some materials melt to form very viscous liquids. If such a liquid is cooled 
to just below its freezing point then it will slowly crystallise. However if the temperature 
is reduced at such a rate as to avoid crystallisation, then the liquid will become more 
viscous until it appears to be a solid, i.e.: a glass.
As mentioned earlier5 most liquids are capable of glass formation. The crystallisation 
process needs the formation of nuclei to proceed and as most liquids can be held in a state 
where nucleation is suppressed, they can become glassy if only for a short time under 
extreme conditions. Hence glasses are regarded as thermodynamically unstable materials 
and will eventually change to other amorphous configurations that have lower free 
energies until they reach equilibrium or until crystallisation occurs5 . This change can be 
very quick or may take centuries depending on the material in question.
We can expect to find that the structure of a glass is similar to that of a liquid. Indeed, the 
X-ray diffraction patterns of a glass show an amorphous structure with broad bands rather 
than the sharp peaks typical of crystalline compounds. This indicates a lack of long-range 
order. Often a material can only form as a glass when present in very small quantities; this 
is mainly due to the rate of cooling being dependent upon the volume involved.
There are many types of glasses 1 . Perhaps the most well known are the oxide glasses 
which are used in everyday household items such as light bulbs and kitchen ware. There 
are two types of metal oxides that can be used in glass synthesis: network formers and 
network modifiers. The elements which form network formers and conditional glass 
formers are shown in figure 1.1 l .
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Figure 1.1: Elements that form simple and conditional glass formers when in an oxidic 
matrix.
Network formers. These will readily form glasses and are used as the primary components 
of oxide glasses 1 . They are as follows: silicon dioxide, germanium dioxide, boron trioxide, 
phosphorus pentoxide and arsenic trioxide. Antimony trioxide is also classed as a network 
former but requires very rapid cooling. These metal oxides may be melted with other 
metal oxides to form glasses usually with a limit on the amount of additional material.
Conditional glass formers; These metal oxides will not form glasses by themselves but can 
do so when melted with a suitable quantity of other oxides. Their bonding is part covalent 
and part ionic. This group of metal oxides is larger than that of the network formers and 
includes tellurium dioxide, selenium dioxide, aluminium oxide and gallium oxide.
Other types of glasses include hydrogen bonded glasses which consist of salts such as 
potassium bisulphate and aqueous ammonium hydroxide.
Halide glasses are a type that have recently generated much interest due to their highly 
ionic nature 1 . Until recently the only generally accepted halide glass formers were 
beryllium fluoride and zinc chloride. However it has been discovered that a wide range of 
compositions can be synthesised based on zirconium fluoride 1 .
Glass-ceramics are also very important materials covered in this field. Perhaps one of the 
best descriptions of glass-ceramics was by P. W. McMillan in 1964: "Many glass- 
ceramics are made by the controlled devitrification of glasses in which microphase 
separation has occurred"6 . In these samples the formation of crystallites usually occurs
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during heat treatment producing fine crystallites (often so small that the final product can 
appear transparent) within an amorphous matrix.
Crystallisation or devitrification was a serious problem in the manufacture of glass until 
about 40 years ago when S. D. Stookey at Corning Glass Works discovered that glass 
ceramics formed by internal nucleation and crystal growth had superior mechanical 
properties to glass itself 7 This lead to the manufacture of improved cooking ware and 
machinable materials
The diffraction patterns of glasses often show very broad bands based where strong lines 
occur in the equivalent crystalline patterns. This implies that glasses are composed of 
linkages of small crystals or crystallites and the observed broadening of the diffraction 
patterns can be associated with particle size broadening 1 .
1.1.1 Zachariasen' s Rule (Random Network Hypothesis). 
Glasses have been viewed as three dimensional arrays in which the structure is not 
repeated at regular intervals. In the case of oxide glasses it has been suggested that these 
arrays consist of networks of oxygen polyhedra, see table 1.1.
The internal energy of a glass matrix is only slightly higher than that of its crystalline 
form. For this to occur the glass matrix must consist of polyhedra of the same type found 
in the crystalline equivalent joined in a similar way. However the relative orientation is
different: in a crystalline form the adjacent polyhedra are orientated in a constant manner 
and in a glassy matrix the orientation is random.
Table 1.1: Types of polyhedra which make up glass networks
Number of oxygens 
surrounding atom (A)
3
4
6
Type of polyhedra
Triangle
Tetrahedron
Octahedron
o
Zachariasen applied several rules to account for this and the structure of glass matrices:
1. no oxygen atom may be linked to more than two atoms (A)
2. the number of oxygen atoms surrounding atoms (A) must be small
3. the oxygen polyhedra share corners with each other, not edges or faces
4. if a network is three dimensional, at least three corners of each polyhedron must be 
shared.
Following this it can be seen that oxides of the formula A20 and AO cannot satisfy these 
rules and hence cannot form glasses. This can be seen in practice with the oxides of 
groups I and II not forming glasses.
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A modification of Zachariasen's rules is given as9 : 
A glass is formed if:
1. the sample contains a high percentage of cations which are surrounded by oxygen 
tetrahedra or by oxygen triangles and
2. these share only corners with each other
3. Some oxygen bonds are linked to only two cations and do not form further bonds 
with any other cations.
An additional rule was proposed by Smekal in 1951 10 .
If a material is to form a network it must have mixed bonding, for example:
  Inorganic materials such as Si(>2, A^Os and 6203 are all network formers. This is due 
to their partially covalent - partially ionic bonding.
  Elements such as selenium and sulphur form network structures based on chains. This 
is enabled because although the chains themselves are covalently bonded, van der 
Waals force exist between the chains.
  Organic molecules can also form networks in a similar manner if they have van der 
Waals forces linking their covalently bonded molecules.
The role of the network modifier:
Network modifiers are cations that disrupt the glass network. Often they fit in between 
the network linkages. Cations such as the group I and II metal ions are often randomly 
distributed through the network, located near certain anions or groups of anions.
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An example of a glass: AmBnOx where m and n are not generally integers. B represents a 
network former and A a network modifier. A could fit into the gaps in the network. For a 
tetrahedron based glass network: n will lie between 0.33 and 0.5.
1.1.2 Methods of Svnthesising Amorphous Materials
Several methods have been developed for the synthesis of glasses and other amorphous
materials. A more detailed description is given in "Physics of Amorphous Materials" by
S. R. Elliot 11 . Methods include:
  Thermal Evaporation.
This is one of the most widely used methods for the synthesis of amorphous thin films.
See figure 1.2.
B
Figure 1.2: Diagram of thermal evaporation method of synthesising amorphous thin 
films.
The material to be heated is placed in a boat (B) through which a current is passed. The 
evaporated material is then collected on a substrate (S) attached to a heater (H). This 
takes place in a chamber under high vacuum. This method is suitable for compounds
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with low melting points. In the case of samples with higher melting points, vaporisation
is achieved, this may be caused by bombardment with high energy electrons from an
electron gun placed in the chamber.
  Sputtering
This is a more complicated method than thermal evaporation but is far more flexible. See
figure 1.3.
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Figure 1.3: Diagram showing the set-up for the synthesis of thin films of amorphous 
materials using sputtering techniques.
The bombardment of a target (T) by energetic ions from a low pressure plasma (P) causes 
the erosion of the target material (either as indiviual atoms or as clusters of atoms) and 
the deposition of this material onto a substrate (S).
There are several factors that cause variations in the films produced by sputtering that are 
also influential in the synthesis of samples produced by thermal evaporation. These 
include: gas pressure, ratio of partial pressures of reactive gas to inert gas, radio 
frequency (RF) power applied to target and voltage applied to target or substrate.
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  Glow Discharge Decomposition
This is another method for the synthesis of amorphous thin films. It was first published in
1975 12 . Like sputtering, this technique relies on the production of a plasma in a low
pressure gas. However, instead of ions from the plasma ejecting material from a target,
chemical decomposition of the gas occurs which leaves a solid film on a substrate placed
within the plasma.
Factors which influence the film characteristics include gas pressure and temperature,
ratio of reactant gas to carrier gas, gas flow rate, chamber geometry, method of producing
plasma and substrate charge and temperature.
  Chemical Vapour Deposition
This is a similar method to gas discharge. Both depend on the decomposition of a gas. 
However chemical vapour deposition relies on thermal energy for decomposition. A RF 
field (if required) is used to heat the substrate upon which the vapour decomposes. 
Temperatures in the order of 700°C are used.
  Melt Quenching
This is the oldest method of synthesising glasses and amorphous materials. It involves the
cooling of a molten material or melt very quickly. As the melt is rapidly cooled the
viscosity of the liquid increases until it hardens completely. It is essential that the rate of
cooling must be fast enough so that crystallisation will not occur. Crystallisation is more
thermodynamically stable than the formation of an amorphous phase and hence will
dominate if allowed to occur.
Perhaps the simplest description of a glass is given by Elliott 11 : "A glass is simply a
supercooled liquid in which no time for crystal growth has been allowed". Modern views
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do not accept the description of a glass as a supercooled liquid and the process of glass
formation is complicated. A detailed examination of the formation of a glass is given by
Elliott 11 .
The cooling rate and the composition of a material are two of the most important factors
involved in the synthesis of glassy materials by melt quenching. Certain materials
produce glasses readily whereas others prove more difficult to change to the glassy state.
Methods of melt quenching11 :
1. A common method for producing glasses from materials which readily form glasses 
(for example: B2 C>3) involves placing the material to be melted in a sealed ampoule 
under vacuum (10"6 Torr). The ampoule is then placed in an oven where it is rocked 
or rotated at a sufficient temperature for the components to melt and interact. The 
ampoule is then cooled (or quenched) by either turning the oven offer, should a faster 
rate be required, placing the ampoule in a liquid such that the heat is conducted away 
from the ampoule as fast as possible. Factors influencing this method include: 
temperature of oven, rate of cooling, volume and thickness of the wall of the 
ampoule.
2. Certain materials require faster cooling rates. For example: metals. Faster cooling 
rates require more dramatic methods of dealing with materials:
  Small droplets of molten material are projected at a copper sheet. The copper 
sheet takes the heat away from the melt at a rate in the region of 105 Ks" 1 
which is considerably quicker than the methods employed above. This method 
is known as "splat cooling".
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  A related technique involves the hammering of small droplets of the melt 
between a metal hammer and a copper sheet. This gives slightly faster rates 
but produces samples of very thin pieces of glass with irregular areas.
  Both of the above described methods are not suitable for producing usable 
samples. However there are variations that do. These are "melt spinning" and 
"melt extraction" techniques. Both involve a spinning copper disc. The former 
uses a jet of molten material hitting the disc to produce ribbons of amorphous 
material. The latter involves the removal of molten material from a reservoir 
by the disc producing fine wires of material. In both cases cooling rates of 
between 106 and 108 Ks" 1 can be achieved.
  Desiccation of gels formed by sol-gel methods.
This method is covered in the following section and forms the major part of this thesis.
See section 1.2.
  Electrolytic deposition11
Certain materials can be deposited on a cathode in an amorphous film. For example:
amorphous germanium films can be produced by the electrolysis of germanium chloride
in glycol. This method has drawbacks of contamination by the solution and the reaction
products.
  Chemical Reaction11
There are a few limited situations where a precipitate can be formed from a chemical
reaction which has amorphous properties. For example: when hydrogen sulphide gas is
passed through a solution of As2O3 in diluted hydrochloric acid, the product, As2 S3 , is
amorphous.
16
  Irradiation 11
When a crystalline solid is bombarded with high energy ionising particles, it can 
sometimes cause enough structural damage to make it amorphous. Sometimes this can be 
localised in the case of the neutron bombardment of silica or the complete transformation 
of whole crystals as in the case of select organic materials.
  Shock Waves 11
When exposed to an explosive shock wave with pressures of the order of 600 kbar and 
temperatures of the order of 1200°C some structures can be rendered amorphous. This is 
often put down to localised melting.
  Shear11
Vigorous grinding can render certain crystalline materials amorphous. For example:
quartz and the arsenic chalcogenides.
1.2 Sol-gel Synthesis
1.2.1 General Introduction to Sol-gel Synthesis
A thorough review of sol-gel synthesis has been detailed by C. J. Drinker and G. W.
Shearer13 which covers all aspects and reactions involved in the methodolgy and their
uses. Other useful reviews are by E. J. A. Pope et al 14 and in "Structure and Bonding"
Volume 77 15 . Most of the information in this section is from these references unless
otherwise noted.
The sol-gel technique is a methodology used to synthesize materials with greater 
homogeneity than that expected by other methods. Materials produced by this method 
can usually be sintered and densified at lower temperatures than normally used in the
17
conventional processing of these same materials. The method can be used to produce 
powders and films of crystalline and amorphous materials and also of monoliths of 
amorphous material (monoliths are generally defined as single pieces of materials where 
the smallest dimension is greater than a few millimeters 13 ).
It is now necessary to present a few definitions applicable to sol-gel science:
A suspension of particles which are small enough for gravitational forces to 
be negligible. Sizes range from l-1000nm and the particles exhibit Brownian Motion. 
Any interaction between the particles is due to surface charges.
  Sol: A colloid of solid particles in a liquid medium.
In the case of sol-gel chemistry, hydrolysis is a substitution reaction 
where a cation exchanges a ligand for a hydroxyl group. This often results in the 
liberation of an alcohol.
In the sol-gel reaction scheme this occurs when the particulates of a 
sol react together to liberate a solvent molecule or a water molecule and link 
themselves together to form a larger molecule. When this continues to occur, the 
process is known as polymerisation. This in turn will lead to gelation where the 
polymers spread throughout the whole system and a solid matrix develops with the 
liquid held in it.
See figure 1.4 for an overview of the sol-gel process showing the various products that 
can be synthesised by this methodology.
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14Figure 1.4: An overview of the sol-gel process .
Sol-gel processes generally involve metal alkoxides. This is due to their reactivity which 
can be controlled using suitable reagents and also to the alkoxide ligand being a good
system and considerable work hasleaving group. Early studies involved the Si
been done with this system especially with silica as its chemistry is ideal for sol-gel type 
reactions. Silicon alkoxides react slowly producing strong matrices without requiring 
additional reagents to prolong the hydrolysis 13 . The reactions which generally take place 
in the sol-gel chemistry of silicon are summarised in equations 1.1 and 1.2.
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